We report comprehensive high-accuracy molecular dynamics simulations using the ReaxFF forcefield to explore the structural changes that occur as Au nanowires are elongated, establishing trends as a function of both temperature and nanowire diameter. Our simulations and subsequent quantitative structural analysis reveal that polytetrahedral structures (e.g. icosahedra) form within the "amorphous" neck regions, most prominently for systems with small diameter at high temperature. We demonstrate that the formation of polytetrahedra diminishes the conductance quantization as compared to systems without this structural motif. We demonstrate that use of the ReaxFF forcefield, fitted to high-accuracy first principles calculations of Au, combines the accuracy of quantum calculations with the speed of semi-empirical methods.
The observation of conductance quantization in atomic-scale junctions [1] [2] [3] [4] [5] has fueled much interest in understanding their formation in mechanically deformed metallic nanowires (NWs), [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] in large part due to potential applications in nano-and molecular-electronic devices. To this extent, quantifying the structural changes that occur as a NW elongates is important for understanding how and why parameters such as initial crystal structure, 7, 8 temperature, 14 and rate of elongation 11, 14 affect the material properties (e.g., conductance, 18-21 mechanical stability, 11, 22 or the opening of a bandgap 23 ). Many studies have been performed that focus on identifying changes to the crystalline structure, such as slipping and reorientation of the crystalline lattice, 6, 13, 14, 17, 24 and under what conditions single-atom wide monatomic chains are likely to form. 3, 4, 7, 14, 17 However, to date, there has only been limited emphasis on quantifying the formation and structure of the "amorphous" or, more generally, non-crystalline domains that often appear within NWs. 13, 18, 21, 25 The formation of these non-crystalline structures is likely to result in significant changes to the properties of the NWs. For example, amorphous structures separating otherwise crystalline NW domains may exhibit unique dynamical properties akin to glass-forming liquids, similar to atoms at grain boundaries in bulk metals. 26 Moreover, non-crystalline structures may still demonstrate distinct local ordering, such as the distorted icosahedral structures predicted to form in the necks of Na NWs 18 and the recent synthesis of bi-metallic NWs with local icosahedral ordering. 27 This is of particular consequence as thiolated icosahedral Au NWs are predicted to behave as semiconductors under certain charge states 28 and non-crystalline NW neck structures have recently been demonstrated to produce gradual changes in the conductance, as opposed the more typical quantization, i.e., "steps" and "plateaus". 21 In this paper, we focus on identifying the amorphous/non-crystalline structures that form within simulated Au NWs undergoing tensile elongation. Simulation is well suited to study this problem as it provides the full spatial and temporal coordinates of the atoms in the NW, allowing the structure to be quantified by the use of order parameters, such as those recently adapted from the field of shape matching. [29] [30] [31] Much of the previous simulation work dealing with the elongation of Au NWs has relied on either quantum mechanical 8, 12, 17, 21, [32] [33] [34] or, more commonly, semi-empirical methods, 7, 9, 10, 12, 14, 22, 24, 35, 36 requiring a compromise between the accuracy of the interatomic interactions and the accessible system size and timescale. Quantum mechanical methods, such as density functional theory (DFT), are widely considered to provide a highly accurate description of the interactions between Au atoms, in particular, capturing the stability of 2-d planar geometries for low coordination clusters. 37, 38 However, the high computational cost of quantum mechanical methods often limits both the total number of independent statepoints that can be efficiently considered and the total size of the NW (typically ∼100 atoms or less 17, 33 ), both of which may inadvertently bias the results. Semi-empirical methods, such as the second-moment approximation of the tight-binding (TB-SMA) scheme, 39 are many orders of magnitude faster than quantum mechanical methods, allowing for the efficient exploration of large numbers of statepoints and systems sizes more representative of experiment. 7, 10, 12, 14 While methods such as TB-SMA have been shown to qualitatively match the behavior of experiment in side-by-side studies, 7 semi-emperical methods are often fitted to bulk systems, and thus may produce results that are quantitatively inconsistent with theory or experiment, 41 especially for low coordination atomic-scale contacts. 38, 40 In particular, the minimal energy 2-d planar structures of Au are not typically stable for semi-empirical methods 38 which may incorrectly bias NW simulations towards forming 3-d isomers.
In order to bridge the gap between semi-empirical and quantum mechanical methods, we use the ReaxFF reactive forcefield 42 which is designed to provide accuracy approaching quantum mechanical methods, but at a substantially reduced computational cost. ReaxFF forcefields are derived by fitting analytical functions to DFT bonding curves. 38, 42 The parameters derived for Au by Keith, et al. 38 have been demonstrated to satisfactorily capture the expected behavior of both bulk and low coordination states. 38 In particular, this parameterization has been shown to closely reproduce the energy and stability of low and minimal energy clusters of Au. 38 In this work, we show that ReaxFF is a substantial improvement over TB-SMA for the simulation of NW structures by comparing the absolute and relative energy scaling to DFT calculations. We perform comprehensive molecular dynamics (MD) simulations 43 with ReaxFF to investigate the behavior and properties of [100] orientated FCC Au NWs undergoing tensile elongation in vacuum, which we also compare to simulations performed using TB-SMA. We report, for the first time, the formation of well-ordered polytetrahedral local structures (e.g., full and partially coordinated icosahedra 44 ) within the non-crystalline domains of the NWs. We quantify the formation of these structures by using the R ylm shape matching method [29] [30] [31] 45 based on spherical harmonics, 46 which we use to construct trends as a function of temperature and NW diameter. We further calculate the zerobias conductance of our simulation trajectories to demonstrate the impact that the formation of polytetrahedra has on the conductance behavior.
Results

Validation of ReaxFF for Au NWs
We first assess the energetic description of Au NWs predicted by ReaxFF by comparing to DFT and TB-SMA. We report the energy for [100] oriented periodic FCC NWs with diameters, D=1.1, 1.5, and 1.9 nm, as well as an elongation sequence of a periodic 0.85 nm NW. The elongation sequence is representative of the low coordination structures typically found in the necks of mechanically deformed NWs. We perform DFT calculations that make use the generalized gradient approximation by Perdew, Burke, Ernzerhof (PBE-GGA) and additionally include spin-orbital coupling (see We perform simulations of cylindrical Au NWs of length 3.6 nm, with diameters, D=1.1, 1.5 and 1.9 nm (177, 317, and 589 atoms, respectively) for a variety of statepoints, calculating 10 independent simulations for each parameter combination (see Methods for more details). Here we focus on ReaxFF-based simulations but also include TB-SMA-based simulations for comparison. In these ReaxFF simulations we observe that, as a typical Au NW elongates, a small region begins to "neck," becoming narrower than the original diameter. The neck forms in response to the applied tensile load, localizing many of the structural changes to this neck region, allowing the bulk of the NW to relax its configuration. Within the necks of our simulated NWs, we often observe the formation of non-crystalline structures with distinct ring-and crescent-like geometries.
[figure] [2] []2a shows a representative ReaxFF simulation snapshot of a D=1.1 nm NW at T=298K, shortly after neck formation; an individual ring-like structure is highlighted in the snapshot with an enlarged version, extracted from the system, shown to the right.
shows a representative snapshot of a D=1.5nm NW where two crescent-like structures are highlighted and extracted. These ring-and crescent-like structures are polytetrahedral in nature, where the local structure of the atoms can be decomposed solely into individual tetrahedral subunits. 44 Specifically, the highlighted structure in To quantify the structures formed in our simulations and establish trends, we use the R ylm method to determine which atoms are in polytetrahedral local environments (see Methods). We use this quantitative information to construct three metrics: (1) the maximum number polytetrahedra that occur concurrently during the course of a simulation trajectory, (2) the number of polytetrahedra per timestep in a simulation (calculated by normalizing the total number of polytetrahedra observed by the total number of statepoints considered), and (3) the coordination number trahedra and the polytetrahedra per timestep, respectively. In all cases, we report median values, where error bars correspond to the first and third quartiles, since the data is not necessarily well described by a Gaussian distribution. ReaxFF simulations demonstrate a steady increase in both metrics as temperature is increased, i.e., both the maximum size of the polytetrahedral domains and the likelihood of finding polytetrahedra increases as T increases. The polytetrahedral motif is not prominent for ReaxFF systems at low temperature, i.e., T < 200K. While the behavior of the ReaxFF and TB-SMA potentials converge for high temperature, TB-SMA demonstrates markedly different trends and behavior. Overall, we observe that TB-SMA predicts a significantly larger value of both the maximum number of polytetrahedra and polytetrahedra per timestep than the ReaxFF simulations. TB-SMA predicts two regimes with an approximate crossover of T=200K.
TB-SMA systems at T=10 and 100K tend to maintain a predominantly FCC structure, whereas higher temperature states transition into A3 core-shell helical structures 47 We observe that the median value of both metrics decreases with increasing diameter for both ReaxFF and TB-SMA. That is, the likelihood of forming polytetrahedra decreases with increasing NW diameter. In all cases, ReaxFF-based simulations predict smaller median values for the two metrics than TB-SMA, with the largest differences occurring for the D=1.1nm NWs. The differences we observe between ReaxFF and TB-SMA are likely related to the energy scaling we previously explored, where TB-SMA overpredicts both the absolute magnitude and relative energy of lower-coordination states. 
Zero-bias conductance
We calculate the zero-bias conductance of several representative trajectories generated with ReaxFF and TB-SMA in order to assess the impact of polytetrahedra, i.e., is there a characteristic conductance "fingerprint" associated with their formation. As described in the Methods section, we use a combined DFT-non-equilibrium Green's function technique to calculate the conductance, 48 which we report in terms of G 0 = 2e 2 /h, where e is the charge of an electron and h is Planck's constant. In experiment, a typical conductance trace demonstrates a "staircase" behavior, with abrupt plateaus and drops as a function of elongation. The abrupt changes in the conductance coincide with structural rearrangements of the atoms, such as thinning of the NW neck. For very small cross-sections, the steps often occur at roughly integer multiples (m) of G 0 . It is important to note that histograms of conductance tend to demonstrate a substantial spread around each of these inte-ger peaks 49 We further assess the impact of polytetrahedra by examining a trajectory at T=10K generated with TB-SMA, as shown in Figures [figure] [5][]5e-f. Recall that TB-SMA over-predicts the tendency to form polytetrahedra as compared to ReaxFF, making it ideal for assessing their impact.
We still observe step-like behavior, but now only see plateaus at m ∼ 4 and 1 G 0 . Again, we observe a rather gradual transition from 3G 0 to 1G 0 . While the onset of polytetrahedra appears at 2.5 Å of elongation, the most significant peak occurs at ∼5Å (see [ figure] [5][]5f), which correlates to the start of the gradual change in conductance. As was noted in [figure] [5] []5c, we also observe that at ∼3G 0 (i.e., the start of the gradual change), the narrowest region of the neck is spanned by a polytetrahedral structure ∼ 3 atom diameters across (a shapshot is inset in [figure] [5] []5c).
Thus it appears that the gradual conductance changes we observe are associated with the formation of polytetrahedra that span the cross-section of the neck. This is likely related to different modes of mechanical deformation exhibited by tetrahedral structures verses crystals; the mechanical behavior of related core-shell NWs as compared to crystals has previously been explored in Ref. 9 Our results regarding the impact of polytetrahedral neck structures on the conductance is supported by recent simulations of Tavazza, et al. that used DFT to investigate the elongation of [110] and [111] Au NWs at zero temperature. 21 In that work, nearly identical conductance behavior was observed for systems that demonstrated non-crystalline neck structures, i.e., gradual changes from 3G 0 to 1G 0 . 21 Similar conductance traces were also observed in experiments at T=4K. 21 Additionally, it was noted that systems exhibiting this gradual conductance change occurred in the minority of simulations and experiments, suggesting that non-crystalline structures are rare at these very low temperatures. 21 As previously shown in Figures [figure] [2][]2a and b, our ReaxFF simulations also predict that the non-crystalline polytetrahedral structures are a rare structural motif at low temperature.
Discussion
The formation of polytetrahedral structures within the necks of the elongated Au NWs may be surprising as icosahedra are not predicted to be the lowest energy structures. [50] [51] [52] Generally speaking, planar structures are predicted to be the minimal energy states for small, isolated clusters of Au. 37, 50 However, this does not imply that icosahedra, or other low, but not minimal energy structures are inherently unstable. To assess the stability of the polytetrahedral structures, we perform conjugate gradient energy minimization using DFT of the isolated icosahedral clusters shown in [figure] [2] []2c. Starting from both ideal structures and those generated with ReaxFF, we find that clusters with cn=6, 8, 9, and 12 maintain their original geometry at the end of the minimization, suggesting that these structures are locally stable. We also note that systems that start as partial icosahedra with cn=10 and 11 relax their structures into more "flattened" states that, in 3 out of 4 calculations, contain a distinct polytetrahedral pentagonal di-pyramind (i.e., a cn=6 polytetrahedral structure). Recall that the cn=6 structure is the most common polytetrahedral configuration found in our simulations. Furthermore, polytetrahedral structures of Au are well reported in experiment and theory, including monolayer protected icosahedral clusters with cn=12, 53 phosphone-thiolate-protected partial-polytetrahedral Au structures, 54 and bi-icosahedral clusters of both face-sharing 55 and vertex-sharing icosahedra. 56 It is important to note that the polytetrahedral structures we observe in our simulations are not isolated clusters, but rather occur within the context of a larger, mechanically deformed NW. The average coordination number of atoms in an isolated cluster will be lower than an equivalent configuration that occurs within a NW. Additionally, we must also consider that these structures form as a result of mechanically deforming a NW via an applied tensile load. Previous experiments of NWs pulled at a constant rate demonstrate a saw-tooth like behavior in the mechanical force on the NW as a function of elongation 57 and thus the local forces of the atoms may be far from equilibrium and constantly changing. The original structure of the NW will also dictate how it can respond to tensile loads. 7, 9 For example, it has been demonstrated that the likelihood of forming monatomic [3] []3a-b we observed that the formation of polytetrahedral structures is very unlikely at low temperature, but increases with temperature. Previous work from our group proposed a universal energy release mechanism that outlines the strong role that temperature can play in determining how a NW responds to the applied tensile load. 14 Additionally, Au is ductile, which manifests itself as a tendency for the NW to remain in a cylindrical, connected structure by thinning within the neck region. As the neck of the NW thins, polytetrahedral structures may become the optimal configurations, since they are able to span narrow, cylindrical-like geometries by forming face-sharing polytetrahedral helices 28, 58, 59 or vertexsharing structures. 28, 56 This was demonstrated for particles with van der Waals interactions, where a transition was observed from FCC/HCP structures to polytetrahedral structures upon decreasing the diameter of the confining cylinder. 29 Similar behavior was also demonstrated for Au, where tetrahedral helices were predicted to be the optimal structure for small diameter NWs whereas FCC structures were optimal for large diameter NWs. 47 Recent experimental work has demonstrated the synthesis of thin Au/Ag NWs that are locally constructed of face-sharing icosahedra, 27 additionally demonstrating this packing motif for metallic NWs. Furthermore, the formation of polytetrahedral structures within the necks of elongating NWs is not without precedent. Previous DFT calculations of the mechanical deformation of [100] oriented BCC Na NWs demonstrated the formation of distorted full and partial icosahedra within the NW neck. 18 This may suggest that the formation of polytetrahedra is a more universal relaxation mechanism for mechanically deformed
NWs.
The formation of polytetrahedral structures may have important implications regarding the electronic properties of the NW. As we saw in [figure] [5] []5, the formation of polytetrahedra diminishes the quantization of the conductance traces. Combined with the increased likelihood of forming polytetrahedra as temperature increases, this may be an important to consider when engineering nanoelectronic devices designed to operate at, e.g., room temperature. The impact of polytetrahedra may be even more substantial. The work of Jiang, et al. predicts that thiolated vertex-sharing icosahedral Au NWs behave as a semiconductor for the -2 and +2 charge states. 28 This suggest that Au NWs elongated in the presence of a thiol solvent might, under certain conditions, change from behaving as metals to semiconductors as a result of the formation of polytetrahedral neck structures.
Conclusion
In this work, we showed good agreement between ReaxFF and DFT in terms of the absolute energy and relative energy scaling. We also showed that ReaxFF provides a better energetic description than the semi-empirical TB-SMA potential, which has commonly been used to study Au NW elongation. We further demonstrated the formation of polytetrahedral local structures within the necks of elongated Au NWs simulated with ReaxFF. We observed that the formation polytetrahedra is not a strong motif of structural relaxation for low temperature systems, but the likelihood of forming polytetrahedra increases with temperature. We also found that the likelihood of forming polytetrahedra increases as NW diameter decreases. Polytetrahedral order was also observed for simulations performed with the TB-SMA potential, however, TB-SMA appears to significantly over-predict their formation as compared to ReaxFF, especially for small diameter NWs and low temperature. We find that ReaxFF-based simulations produce trajectories that demonstrate clear step-wise behavior in conductance that closely matches experiment. We also observe that the formation of polytetrahedra (i.e. non-crystalline structures) within the NW necks dampens the quantization behavior of the conductance, closely matching the observations in Ref. 21 The results presented here suggest that the formation of polytetrahedral structures within the necks of the
[100] orientated Au NWs is a ubiquitous and important mechanism for relieving the internal stress brought about by elongation, in particular, for small diameter NWs at high temperature.
lax" procedure of Pu, et al.: 14 we rigidly fix the last two rows of each end of the NW creating "grip" atoms at each end; we allow the core of the system to relax for 100 ps; after relaxation, we elongate the NW by displacing the grip atoms at one end by increments of 0.05 Å , allowing the system to relax for a prescribed time between displacements, repeating until the NW breaks.
We explore elongation rates from 5 m/s (1 ps relaxation between displacements) to 0.1 m/s (50 ps). This range encompasses typical elongation rates used to draw metallic whiskers with STM or AFM. 57 Simulations are conducted between T=10 K and 500 K; common experimental conditions are T=4-10 K 4,57 and T∼ 300K. 6, 7 For each statepoint we perform 10 independent simulations to obtain sufficient statistics.
ReaxFF simulations use the fitting parameters derived by Keith, et al. 38 This particular fitting was chosen because it was parameterized using PBE-GGA DFT, which is well suited for systems with surfaces (i.e., NWs), and the elastic moduli of the fitting closely match experiment. 38 TB-SMA simulations are performed using fitting parameters derived by Cleri and Rosato. 39 TB-SMA is used as previous comparisons with DFT showed it provides a better match in terms of relative energy change than other common semi-empirical potentials. 12 Both ReaxFF and TB-SMA simulations are performed using the LAMMPS simulation package 43 (extended to incorporate TB-SMA)
with the Nose-Hoover thermostat for systems without periodic boundary effects. As is common, TB-SMA simulations use a timestep of 2 femtoseconds, 7,10,12,14 whereas a smaller timestep of 0.5 femtoseconds is needed for ReaxFF. To simulate the same timescale, ReaxFF requires more walltime than TB-SMA, by a factor of ∼50.
R ylm method: To analyze the local configurations of atoms, we employ techniques borrowed from the field of shape matching. 30, 31 We use the R ylm scheme proposed in references, 29, 45 which allows us to objectively identify structural trends in an automated fashion. This method relies on creating a rotationally invariant spherical harmonics 46 "fingerprint" of the first neighbor shell surrounding each atom. We compare the fingerprint of each local cluster to a library of reference configurations and determine the best match. Here, we quantify the match, M, using the Euclidian distance, normalized such that it spans from 0 (worst match) to 1 (perfect match). By definition, every cluster in this scheme has a "best match" even if that match is poor. To avoid misidentification, we define a cutoff such that we ignore matches where M < 0.86. This provides results consistent with visual inspection; the choice of cutoff will impact the specific calculated values, however the overall trends are not strongly perturbed by this choice. 30 Our reference library includes full and partially coordinated clusters of type FCC, HCP, and icoshaedra, incorporating both ideal configurations and configurations relaxed using the ReaxFF and TB-SMA potentials, where we only consider clusters of 6 ≤ cn ≤ 12.
Conductance Measurement: Conductance calculations are carried out in a combined DFT-nonequilibrium Green's function framework. A double-zeta numerical atomic orbital basis set is used (18 basis functions per Au atom) in the calculations. The zero-bias conductance is given by G =
T (E F ) where T (E) is the transmission coefficient of the device and E F is the Fermi energy. G is reported in units of G 0 = 2e 2 /h, where e is the charge of an electron and h is Planck's constant. We validated our conductance measurements by investigating single point atom contacts, finding good agreement with previous theoretical calculations. 20, 21, 34 Further details of the implementation and its accuracy can be found in Ref. 48 
